A novel numerical method is proposed with the aim of simulation of heat diffusion problems associated with coastal engineering. The method is founded on the solution of continuity, Navier-Stokes and heat diffusion equations in closure with Sub-Particle Scale turbulence model (according to Large Eddy Simulation approach) within a SPH (Smoothed Particle Hydrodynamics) framework. Boussinesq approximation is applied in order to take the effects of buoyancy into consideration. The model is first verified by considering a set of benchmark tests, and then applied into the simulation of a simplified problem of heated effluent into coastal waters.
INTRODUCTION
Thermal/nuclear power plants which are located at coastal areas usually lean on a re-circulating process by coastal waters as cooling system to their equipments. The diffusion of corresponding heated effluents into coastal waters may lead to several environmental concerns, especially during the incidence of marine disasters, where the temperature of heated effluent is out of control. Hence, precise simulation of heat diffusion process is of great importance in coastal engineering.
In the present study, a novel numerical method is developed for simulation of heat diffusion problems, usually encountered in coastal engineering. The solver is founded on the solution of continuity, Navier-Stokes and heat diffusion equations according to a projection-based particle method, namely, Incompressible Smoothed Particle Hydrodynamics or ISPH method 1) .
The Sub-Particle Scale 2) closure turbulence model (based on Large Eddy Simulation or LES approach) is coupled with Navier-Stokes and heat diffusion equations, taking the turbulent heat diffusion regimes into consideration. To the best knowledge of authors, the mentioned LES-based modeling of turbulent heat diffusion process in the frame of particle methods has not been conducted so far. The buoyancy effects due to thermal variation is modeled through the Boussinesq approximation.
The method is preliminary verified, reproducing a set of representative benchmark tests, namely, heat conduction in a one-dimensional slab (as a theoretical benchmark test) and a differentially heated square cavity (as a numerical benchmark test). Then the potential applicability is illustrated through the simulation of heat diffusion corresponding to a simplified heated effluent into coastal waters.
NUMERICAL MODEL (1) Governing equations
In order to take the effect of turbulent flow regimes into consideration, the SPS turbulence modeling, proposed by Gotoh et al. 2) on the basis of LES approach, is considered.
The governing equations, i.e. spatially averaged or filtered continuity, Navier-Stokes and heat diffusion equations, are presented as follows:
where the hat "-" symbol refers to particle-scale filtered valuables, ρ signifies density, u represents velocity, P stands for pressure,  presents kinematic viscosity,  t represents turbulent eddy viscosity, T demonstrates temperature,  is thermal expansion coefficient, K is thermal molecular diffusivity and K t is turbulent thermal diffusivity.
In Eq. (3), K and K t are defined based on the molecular and turbulent Prandtl numbers, i.e. Pr and Pr t , respectively. That is:
and in Eq. (2), T 0 is the reference temperature defined as follows:
where T H and T L represent the highest and lowest temperatures, respectively.
A Boussinesq-based buoyancy approximation is considered in momentum equation (Eq. 2) to take the buoyancy effect into account. Accordingly, density variations only act through an additional term in the gravity acceleration of the momentum equation, allowing the application of an incompressible SPH for accurate and stable calculation of pressure field. It should be noted that as for  t , a simplification is included in derivation of equation 3) . The turbulent eddy viscosity,  t , is obtained from Eq. (6):
where C s is the Smagorinsky constant (considered as 0.16 in this study),  is filter scale (= diameter of particle, d 0 ). lm D is the filtered strain-rate tensor which is obtained as follows:
(2) Enhanced schemes The numerical simulations are carried out in the frame of a projection-based Incompressible SPH (ISPH) method, which benefits from a set of enhanced schemes, namely, Higher-order Source term of PPE (HS) 4) ; a Higher-order Laplacian model (HL) 4) ; an Error Compensating Source term of PPE (ECS) 4) ; a Gradient Correction (GC) 5, 6) ; and Dynamic Stabilization (DS) 7) . The Wendland kernel 8) is chosen as the kernel function all through the simulations. It should be mentioned that due to large values of kinematic viscosity, an implicit viscous method 9) is applied. The developed numerical method is simply referred to as "Enhanced ISPH".
(3) Boundary conditions
In this study, wall boundary condition is represented by fixed particles consisting of inner wall particles and dummy particles. Here, since temperature is considered as one of the key parameters, the boundary conditions associated with temperature have to be enforced meticulously.
The thermal boundary condition is mainly described in two manners, i.e. isothermal condition or adiabatic condition. Isothermal condition can be simply reproduced by assigning constant temperatures to isothermal wall particles. Adiabatic condition is reproduced by replication of thermal condition of closest water particles to an adiabatic wall particle as shown in Fig. 1. 
VERIFICATION
The developed numerical model is preliminary verified through two benchmark tests, namely, heat conduction in a one-dimensional slab 10) as a theoretical benchmark, as well as a square cavity 11) as a numerical benchmark. It should be highlighted that these verifications are only preliminary ones and rigorous validations based on experimental studies are also indispensable. For the simple one-dimensional theoretical benchmark, turbulence modeling is switched off, and for the numerical benchmark turbulence modeling is considered.
The considered values of parameters for water and air are presented in Table. 1. In this paper, molecular Prandtl numbers are set based on the physical properties of water and air at 20°C 11, 12) . Turbulent Prandtl number is set as Pr t = 0.85 11) . As for final target of study, i.e. simulation of heat diffusion problems encountered in coastal engineering, proper and more careful determination of Prandtl numbers is of crucial importance 13) . As shown in Fig. 3 , the temperature distributions well agree with the following analytical solution: Leroy et al. 11) . In this simulation, kinematic viscosity is derived from Rayleigh number which is defined as:
where ΔT = T H T L . Also, in this simulation, Ra is adjusted to 1.0×10 5 . 
APPLICATION
In order to examine the potential applicability of developed ISPH based method for simulation of heat diffusion problems encountered in coastal engineering, a simplified problem of heated effluent being discharged into coastal waters is simulated. The computational conditions are shown in Fig. 8 .
Particle diameter and time step size are set to d 0 = 0.01m and Δt = 5.0×10 -4 s, respectively. The fluid particles in the tank have initial temperature T L = 10.0°C. The hot water, T H = 100.0°C, flows into the tank from left inflow boundary with a discharge of Q = 10.0 L/s. The outflow boundary is set in the right bottom to keep the water level equal to 0.5 m.
The snapshots of temperature distribution at different instants are presented in Fig. 9(a-c) . The acceptable performance of the proposed model is illustrated in this figure as the heat diffusion due to turbulent eddy diffusivity appears clearly.
In Fig. 9(d) , results with a k-ε turbulence closure model 11) is also presented. The parameters of k-ε model are set exactly the same as those in Leroy et al. 11) . Compared with the SPS turbulence model, the temperature distribution obtained by the k-ε model seems to be very smooth. However, as shown in Fig.  9(b) and (d) , the k-ε does not reproduce the vortices illustrated in the SPS results. Considering our final target, i.e. applications to coastal engineering problem including heat diffusion in violent flows, incorporation of a SPS turbulence model appears to be superior to consideration of a k-ε one. 
CONCLUDING REMARKS
A novel numerical method is developed to simulate heat diffusion problems encountered in coastal engineering. The method solves continuity, Navier-Stokes and heat diffusion equations within a Lagrangian gridless framework. The proposed method is based on an Enhanced Incompressible Smoothed Particle Hydrodynamics, referred to as Enhanced ISPH, which benefits from several enhanced schemes for improvement of stability and accuracy. A SPS 2) (Sub-Particle-Scale) turbulence model is incorporated for turbulence closure and for calculation of turbulent thermal diffusivity required for estimation of effective thermal diffusivity in heat diffusion equation. A Boussinesq-based buoyancy approximation is considered in momentum equation to take the buoyancy effect into account. Accordingly, density variations only act through an additional term in the gravity acceleration of the momentum equation, allowing the application of an incompressible SPH for accurate and stable calculation of pressure field.
The proposed method is first verified by a few benchmark tests, namely, heat conduction in a one-dimensional slab 10) as a theoretical benchmark and a differentially heated square cavity 11) as a numerical benchmark. The method's applicability for simulation of heat diffusion problems encountered in coastal engineering is then illustrated through the simulation of a simplified heated effluent into coastal waters.
The developed Lagrangian gridless method is shown to have the potential of being applied for calculation of heat diffusion problems corresponding to violent hydrodynamics flows with fluid fragmentation and complicated moving boundaries. In particular, encountered heat diffusion problems in coastal engineering are often characterized by the presence of topological complexities of hot-cool water boundaries. Hence, continuous research for further enhancement and comprehensive validation of the proposed fully-Lagrangian ISPH-based method are to be conducted by our research group to achieve a thoroughly verified and highly reliable computational method for coastal engineering-related heat diffusion problems. The sophisticated nature of turbulent heat diffusion problems encountered in coastal engineering necessitate rigorous step-by-step developments for reliable simulations.
Future works include further numerical validations and investigations, more accurate determinations of Prandtl number based on the encountered conditions, further enhancement of SPS turbulence model and application of developed method to coastal engineering problems with precise experimental measurements for rigorous justification of method's applicability and reliability.
